The application of gene sequence analyses, now followed by whole-genome comparisons, has led to a remarkable clarification of relationships among micro-organisms and has provided a means for accurate species identification that is essential for all areas of medicine, agriculture and biotechnology. Although yeasts are well recognized as fungi, their placement in the Mycota has remained controversial until resolution from molecular phylogenetic studies. Many fungi are dimorphic, i.e. have a yeast-like state as well as hyphal growth, and this, along with the simple morphology of most yeasts, led to proposals that yeasts are primitive fungi (e.g. Guilliermond, 1912) , or that they may be reduced forms of more mycelial taxa (Cain, 1972; von Arx & van der Walt, 1987) . We typically think of yeasts in terms of Saccharomyces cerevisiae, which has provided us for many millennia with leavened bread and tasty beverages. Saccharomyces cerevisiae and many other species of yeasts are members of the Ascomycota, as is seen from formation of asci and ascospores. However, adding to the uncertainty of relationships among the fungi was the discovery that some species of yeasts are basidiomycetes and produce typical basidia with basidiospores (Kluyver & van Niel, 1924 , 1927 Nyland, 1949) . With such great phylogenetic diversity, what is our definition of a yeast? A general working definition is that a yeast is a fungus that divides by budding or fission and that the sexual state, if known, is not enclosed in a fruiting body .
Phylogenetic relationships among the yeasts
Early studies that employed 5S rRNA, as well as partial sequences of large (LSU) and small (SSU) subunit rRNAs and their gene sequences, provided an overall resolution of relationships among the fungi. Walker (1985) sequenced 5S rRNA, which is 120 nt in length, for selected ascomycetes and the analysis of this dataset, although small, divided the Ascomycota into three groups: 1, Schizosaccharomyces and Protomyces (Taphrinomycotina); 2, budding yeasts (Saccharomycotina) and 3, 'filamentous fungi' (Pezizomycotina). Berbee & Taylor (1993) analysed SSU rRNA gene sequences of representative members of the Mycota and identified the same three major ascomycete lineages (Fig. 1 ). This analysis also revealed that yeasts and 'filamentous fungi' are sister taxa and that Schizosaccharomyces and relatives represent an early diverging lineage. Kurtzman & Robnett (1994) showed from partial LSU and SSU rRNA sequences that all then accepted ascomycetous yeast genera were members of a single clade, which was separate from Schizosaccharomyces and members of the 'filamentous fungi'. The finding from single-gene analyses that the Ascomycota comprise three separate lineages has been supported by multigene sequence analyses (Fitzpatrick et al., 2006; James et al., 2006; Kuramae et al., 2006b; Liu et al., 2009) , although there is some uncertainty regarding the monophyly of the Taphrinomycotina (Kuramae et al., 2006a; Sugiyama et al., 2006; Rosling et al., 2011; Kurtzman & Robnett, 2013) . Similarly, gene sequence analysis has shown the Basidiomycota to include three major lineages ( Fig. 1) (Berbee & Taylor, 1993; Boekhout et al., 2011) . All three basidiomycete lineages include species that we consider to be yeasts, which adds to the complexity of classification and species identification. The focus of this review is on ascomycetous yeasts and the reader is referred to Fell et al. (2000) , Scorzetti et al. (2002) and Boekhout et al. (2011) (and references therein) for details of identification and classification of basidiomycetous yeasts.
Sequence analyses have begun to provide an understanding of relatedness between species and genera. Fig. 2 shows phylogenetic relationships among taxa of the Saccharomycotina as determined from a five-gene sequence analysis of type species from most presently accepted genera (Kurtzman & Robnett, 2013) . In this analysis, members of the Lipomycetaceae (Clade 11) are the earliest-diverging members of the Saccharomycotina. Species of the genus Lipomyces are commonly isolated from soil and the genus represents one of the few groups of yeasts for which soil is the primary habitat. Members of the genus Saccharomyces and related genera appear to be the most diverged members of the Saccharomycotina (Clade 1), and this clade includes the vigorous sugar-fermenting yeasts. Perhaps divergence of this clade corresponds to the radiation of plants that form sugary fruits. Among Clade 1 taxa are two distinctive genera. One of these, Cyniclomyces, is found in the digestive tracts of rabbits and similar rodents and requires a relatively high (approximately 15 %) carbon dioxide atmosphere for growth. The second genus of particular note is Eremothecium, which has five species, all of which are plant pathogens. The only other ascomycetous yeasts known to be plant pathogens are certain species of the Dipodascus/Geotrichum clade (Clade 9).
Further analysis of relationships among the Saccharomycotina will require whole-genome comparisons. At present, genome sequences are available for less than 100 yeasts and these are primarily from species of genetic, medical or biotechnological interest. Analyses of whole genomes, often based on approximately 400 orthologous genes, has presented species relationships much like those determined from far fewer genes but, in contrast, phylogenetic trees derived from these analyses usually have much greater branch support (e.g. Fitzpatrick et al., 2006; Kuramae et al., 2006b) . As demonstrated by Rokas et al. (2003) from analysis of genomes from species of the genus Saccharomyces, a minimum of 20 concatenated genes was needed to provide strong support for species placement in resulting phylogenetic trees. Because Saccharomyces is a small genus, strong resolution of species relationships in larger genera is likely to require additional genes.
It is clear from several studies (Rokas et al., 2003; Fitzpatrick et al., 2006; Kuramae et al., 2006a) that some combinations of genes selected from whole genomes give conflicting tree topologies. As discussed by Fitzpatrick et al. (2006) , Rozpędowska et al. (2011) and others, phylogenetic incongruities may arise from genome duplication, complex patterns of hybridization and introgression. Furthermore, the method used for data analysis can also affect tree topology (e.g. Rozpędowska et al., 2011; Weiß & Göker, 2011) .
Certain clades have a preponderance of biotechnologically important species. Clade 1, which includes the genera Saccharomyces, Kluyveromyces and Eremothecium, is one of these clades, as is Clade 6, which includes Scheffersomyces stipitis, Candida shehatae and Spathaspora passalidarum, all three of which ferment the pentose D-xylose to ethanol (Johnson & Echavarri-Erasun, 2011 Fig. 1 . Phylogeny of the fungi as determined from nuclear small subunit rRNA analysis (modified from Berbee & Taylor, 1993) , which is congruent with multigene analyses (Fitzpatrick et al., 2006; James et al., 2006; Schoch et al., 2009 ).
clustering of D-xylose-fermenting species is Pachysolen tannophilus, which is a member of Clade 5. Many of the species that metabolize methanol as a sole source of carbon are also located in Clade 5 in the genera Ogataea and Kuraishia. The genus Komagataella, located in Clade 3, is also well known for this biotechnologically important property (Cregg & Madden, 1988) . Clade 9 includes Yarrowia lipolytica, a species well noted for production of lipases and proteases and growth on hydrocarbons. Additional species of interest in Clade 9 include those assigned to the genus Trichomonascus and its anamorph Blastobotrys. These species are unique in their ability to metabolize compounds such as adenine, xanthine, glycine, uric acid, putrescine and branched chain aliphatic compounds (Middelhoven & Kurtzman, 2003) , and more recently, certain of the species have been shown to transform Fusarium T-2 mycotoxin to T-2 glucoside (McCormick et al. 2012) . One additional interesting property apparent from Fig. 2 is the distribution of coenzyme Q (ubiquinone) among species of the Saccharomycotina (Yamada et al., 1987) . Earlier diverging lineages usually have CoQ-9, and as species diverge, there is a nearly progressive loss of isoprene units from the side chain of this molecule, resulting in Saccharomyces and related genera having CoQ-6. Exceptions include Eremothecium sinecaudum (CoQ-9) and Nadsonia fulvescens (CoQ-6), which might be expected to form CoQ-6 and CoQ-9, respectively, based on their positions in the phylogenetic tree. From the preceding examples, it appears that certain unique pathways are limited to one, or just a few clades.
Circumscription of genera
Genus circumscription within the Saccharomycotina is still in its infancy, but considerable progress has been made to develop phylogenetically defined genera from multigene analyses. Influencing this work is lack of consensus on the definition of a genus and whether apparently independent lineages are sufficiently diverged to be considered genera. At present, all known ascosporic genera and several currently unnamed non-ascosporic lineages have been circumscribed from analyses of two to five genes, but some of the larger genera will probably be subdivided as whole-genome sequences become available (Nakase et al., 1988; Daniel et al., 2001; Tomaszewski et al., 2003; Kurtzman & Robnett, 2003 Suh et al., 2004 Suh et al., , 2006 Nguyen et al., 2006; Kurtzman et al., , 2008 Kurtzman et al., , 2011 Kurtzman & Suzuki, 2010; Péter et al., 2012; Lachance & Kurtzman, 2013) . Gene sequence analyses have shown that many species assigned to anamorphic genera, such as Candida, are members of currently accepted ascosporic genera, but other species are members of independent lineages that have not been taxonomically recognized and which represent new genera.
For yeasts and other fungi, a dual system of nomenclature has been used for more than 80 years (Hawksworth et al., 2011) . Species with known sexual states were assigned to teleomorphic genera and the appearance of the sexual state, which was believed to be phylogenetically informative, was used as the basis for genus circumscription. Absence of a sexual state resulted in assignment of species to asexual or anamorphic form genera. Large anamorphic yeast genera, which are now recognized to be phylogenetically diverse, include the ascomycetous Candida (Lachance et al., 2011) and the basidiomycetous Cryptococcus (Takashima & Nakase, 1999; Fonseca et al., 2011) and Rhodotorula (Sampaio, 2011) . In some cases, it was discovered that anamorphs represent the asexual form of known teleomorphic species, thus giving one species two names, both of which were legitimate under the various versions of the International Code of Botanical Nomenclature. With the advent of molecular comparisons, the relationship of anamorphic species with teleomorphic species and genera has become apparent and continued use of the dual system of nomenclature has been viewed by many mycologists as untenable (Hawksworth et al., 2011) . This recognition has led to changes in the newly named code of nomenclature that governs the naming of fungi [International Code of Nomenclature for algae, fungi, and plants (Melbourne Code) (McNeill et al., 2012) ], which states that a fungus may have only one name. A provision of this new code is that teleomorphic names may not have priority over anamorphic names and that the genus name selected will be guided by common usage as well as other needs. Examples of this new system include assignment of certain Candida species to the ascosporic genus Tortispora but reassignment of the ascosporic Ascobotryozyma species to the anamorphic genus Botryozyma (Lachance & Kurtzman, 2013) .
Prior to molecular comparisons, yeast genera were circumscribed primarily from their morphological and physiological properties. Now that many of the genera are phylogenetically circumscribed, we can ask how predictive these phenotypic properties are for recognition of genera. Many physiological properties, such as sugar fermentation and utilization of nitrate as a sole source of nitrogen, are commonly found throughout the Saccharomycotina. However, as discussed above, certain unique pathways, such as methanol assimilation, seem to occur in just a few clades and can be useful for initial recognition of genera as well as serving for selective isolation of particular groups of yeasts. In addition to the preceding, sulfur metabolism in the genus Saccharomycopsis (Clade 4) provides another example of a clade-specific physiological character. Nearly all species assigned to the genus have a sulfate transport deficiency, which requires that sulfur must be provided in an organic form, such as methionine (Lachance & Pang, 1997; Lachance et al., 2000) . Of further interest, the preceding studies showed that most species of Saccharomycopsis are predacious on other yeasts, but the parasitic life style appears not to be solely based on sulfur metabolism.
Many morphological properties are widely shared throughout the Saccharomycotina. Hat-shaped (galeate) ascospores (Fig. 3a) are common in many genera, as are spherical ascospores, but elongated ascospores with whip-like cell wall extensions (Fig. 3b) between cells, a tube-like ascophore develops and terminates in a flared ascus (Fig. 3c) . For some taxa, cell division provides clues to kinship. Typical multilateral budding is found throughout the yeasts, but bipolar budding is restricted to four genera, Hanseniaspora, Saccharomycodes, Wickerhamia and Nadsonia. As seen from Fig. 2 , the first two genera are closely related, but Wickerhamia and Nadsonia are neither closely related to Hanseniaspora and Saccharomycodes nor to each other. From this analysis, it appears that bipolar budding is a character that has arisen three times in the Saccharomycotina. Cell division by fission is typical of members of the genus Schizosaccharomyces, but this character is also found among certain species in the Dipodascus clade, for the genus Macrorhabdus and in the basidiomycete genus Trichosporon. Formation of true (septate) hyphae is another character found in many clades. The septate hyphae produced by many species of the genus Ambrosiozyma, however, are unique because the septa appear dolipore-like, and this structure can often be seen under the light microscope as a bead-like thickening in the centre of the septum. These examples demonstrate that certain morphological features, as is also found for a few physiological properties, may sometimes be helpful in recognition of taxa and may be predictive of phylogenetic relationships. However, many phenotypic characters are common to a large number of taxa and seem to have little or no value in species diagnostics or prediction of kinship.
Species recognition
Rapid identification of individual yeast species is presently determined primarily from nucleotide sequence divergence in domains 1 and 2 (D1/D2) of the LSU rRNA gene. In practice, this is done by conducting a BLAST search of deposited sequences that are maintained by GenBank and associated databases. The approximately 450-600 nt D1/ D2 region is bounded by highly conserved flanking sequences and for essentially all species it can be PCR amplified by a single set of primers (Kurtzman & Robnett, 1998) . The importance of a single-gene diagnostic system is that as novel species are discovered, the continuously expanding database provides documentation of described species as well as evidence of undescribed species through absence of their sequences. A second database that is widely used is that for the internal transcribed spacer (ITS) sequence, which is similar in length to D1/D2 and located between the SSU and LSU rRNA genes. The ITS is divided into two sections by the 5.8 S gene. With appropriate PCR primers, ITS and D1/D2 may be PCR replicated as a single amplicon. When conducting a BLAST search, the comparison should be made with the sequence of the type strain of the species that gives the nearest match because deposits in the database include many misnamed strains.
Resolution of yeast species from the D2 domain sequence of LSU rRNA was first tested in comparisons of species from several genera that had been characterized from genetic crosses (Peterson & Kurtzman, 1991) . With demonstration of resolution of individual species, both D1 and D2 domain sequences were determined by Kurtzman & Robnett (1998) for all known ascomycetous yeasts and for all basidiomycetous yeasts by Fell et al. (2000) . The impact of the panyeast database has been a doubling of known species in the past decade . In addition to the D1/ D2 databases, ITS sequences have been determined for the Saccharomycetaceae (Kurtzman & Robnett, 2003) and for all Fig. 2 . Phylogenetic relationships among type species of ascomycete yeast genera and reference taxa determined from maximum-likelihood analysis of concatenated gene sequences for large subunit rRNA, small subunit rRNA, translation elongation factor-1a and RNA polymerase II, subunits B1 and B2. The basidiomycete Filobasidiella (Cryptococcus) neoformans was the designated outgroup species in the analysis. Names in bold type are type species of currently recognized genera, whereas names in standard font are not type species. The genus Pneumocystis is represented by the type species, but not the type strain. Data for the genera Pneumocystis, Protomyces and Taphrina are from James et al. (2006) . Bootstrap values (1000 replicates) .50 % are given at branch nodes and the final dataset included 11 773 positions. Strain accession numbers are NRRL unless otherwise indicated. Reproduced from Kurtzman & Robnett (2013) . known basidiomycetous yeasts (Scorzetti et al., 2002) . D1/ D2 and ITS sequences generally show similar resolution of species, but there is some taxon-specific variation, and use of both sequences is often helpful. Recently, ITS was selected as the universal gene for identification of fungi (Schoch et al., 2012) . Species resolution for both ascomycetes and basidiomycetes is based on the prediction that strains of a species diverge in D1/D2 and ITS sequences by no more than 1 % (Kurtzman & Robnett, 1998; Fell et al., 2000; Scorzetti et al., 2002; Sugita et al., 2002) . For ITS, sequence divergence between closely related species may be relatively small in clades of the Saccharomycetaceae (Kurtzman & Robnett, 2003) , or quite large, as seen for Citeromyces . Not surprisingly, exceptions have been found to the prediction of 1 % or greater nucleotide divergence between species for D1/D2 and ITS sequences and this may result from interspecific hybridization, different substitution rates or other genetic changes. Among these exceptions are Saccharomyces bayanus and Saccharomyces pastorianus, which share the same rRNA repeat (Peterson & Kurtzman, 1991; Groth et al., 1999) , and Clavispora lusitaniae, in which some strains show greater than 1 % divergence in D1/D2 (Lachance et al., 2003) . When taken in perspective, the D1/D2 and ITS databases present a powerful tool for rapid species identification and for presumptive detection of previously unknown lineages.
Future directions
A better understanding of the genetic definition of a species is needed and this can only come when additional strains of a species and those of related species are analysed using multiple genes (e.g. Taylor et al., 2000) and whole genomes (e.g. Rokas et al., 2003) . Furthermore, the present phylogenetic trees, often based on a few genes, frequently have weak branch support, thus obscuring relationships among taxa. Whole-genome analysis will provide stronger branch support and will help in detection of major genetic changes, such as the whole-genome duplication event discovered in the Saccharomycetaceae (Wolfe, 2006) .
